The rotational spectrum of 15 ND in its ground electronic X 3 Σ − state has been observed for the first time. Forty-three hyperfine-structure components belonging to the ground and v = 1 vibrational states have been recorded with a frequency-modulation millimeter-/submillimeter-wave spectrometer. These new measurements, together with the ones available for the other isotopologues NH, ND, and 15 NH, have been simultaneously analysed using the Dunham model to represent the ro-vibrational, fine, and hyperfine energy contributions. The least-squares fit of more than 1500 transitions yielded an extensive set of isotopically independent U lm parameters plus 13 BornOppenheimer Breakdown coefficients ∆ lm . As an alternative approach, we performed a Dunham analysis in terms of the most abundant isotopologue coefficients Y lm and some isotopically dependent Born-Oppenheimer Breakdown constants δ lm [R. J. Le Roy, J. Mol. Spectrosc. 194, 189 (1999)]. The two fits provide results of equivalent quality. The Born-Oppenheimer equilibrium bond distance for the imidogen radical has been calculated [r BO e = 103.606721(13) pm] and zero point energies have been derived for all the isotopologues.
Introduction
The imidogen radical has been the subject of many spectroscopic, computational and astrophysical studies. This diatomic radical belongs to the first-row hydrides, is commonly observed in the combustion products of nitrogen-bearing compounds 1, 2 , and is also an intermediate in the formation process of ammonia in the interstellar medium (ISM) 3 . The main isotopologue of imidogen, NH, has been detected in a wide-variety of environments, from the Earths' atmosphere to astronomical objects, such as comets 4 , many types of stars 5, 6 including the Sun 7, 8 , diffuse clouds 9 , massive star-forming (SF) regions 10 and, very recently, in prestellar cores 11 . Also its deuterated counterpart ND has been identified in the ISM, towards the young solar-mass protostar IRAS16293 12 and in the prestellar core 16293E 11 . A lot of studies have been devoted to the origin of interstellar imidogen and different formation models have been proposed to explain its observed abundance in various sources. Two main formation routes have been devised for the NH radical: from the electronic recombination of NH + and NH + 2 , intermediates in the synthesis of interstellar ammonia 13, 14 starting with N + or, alternatively, via dissociative recombination of N 2 H + 15 . However, the mechanism of NH production in the ISM is still debated 10 , and grain-surface processes might also play a significant role 16 . Imidogen, together with other light hydrides, often appears in the first steps of chemical networks leading to more complex N-bearing molecules. Its observation thus provides crucial constraints for the chemical modeling of astrophysical sources 17 . Also the rare isotopologues of this radical yield important astrochemical insights. Being proxies for N and D isotopic fractionation processes, they may help to trace the evolution of gas and dust during the star formation, thus shedding light on the link between Solar System materials and the parent ISM 18 . This is particularly relevant for nitrogen, whose molecular isotopic compositions exhibits large and still unexplained variations 19, 20 . Measuring the isotopic ratios in imidogen provides useful complementary information on the already measured H/D, 14 N/ 15 N in ammonia (including the 15 NH 2 D species 21 ).
As far as the laboratory work is concerned, there is a substan-1-11 | 1 tial amount of spectroscopic data for the most abundant species and less extensive measurements for 15 NH and ND. A detailed description of the spectroscopic studies of imidogen can be found in the latest experimental works on NH 22 , 15 NH 23 , and ND 24 . It has to be noticed that no experimental data or theoretical computations were available in literature for the doubly substituted species 15 ND up to date. In this work, we report the first observation of its pure rotational spectrum in the ground electronic state X 3 Σ − recorded up to 1.068 THz. A limited number of new transition frequencies for the isotopologues NH and ND in the v = 1 excited state have also been measured in the course of the present investigation. This new set of data, together with the literature data for NH, 15 NH and ND, have been analysed in a global multi-isotopologue fit to give a comprehensive set of isotopically independent spectroscopic parameters. Thanks to the high precision of the measurements, several Born-Oppenheimer Breakdown (BOB) constants (∆ lm ) could be determined from a Dunham-type analysis. The alternative Dunham approach proposed by Le Roy 25 has been also employed. In this case, the results are expressed in terms of the parent species coefficients Y lm plus some isotopically dependent BOB constants (δ lm ).
Finally, very accurate equilibrium bond distances r e (including the Born-Oppenheimer bond distance r BO e ) and Zero-Point Energies (ZPE) for each isotopologue have been computed from the determined spectroscopic constants.
Experiments
The rotational spectrum of 15 ND radical in its ground vibronic state X 3 Σ − has been recorded with a frequency-modulation millimeter-/submillimeter-wave spectrometer.
The primary source of radiation was constituted by a series of Gunn diodes (Radiometer Physics GmbH, J. E. Carlstrom Co.) emitting in the range 80-134 GHz, whose frequency is stabilized by a PhaseLock-Loop (PLL) system. The PLL allowed the stabilization of the Gunn oscillator with respect to a frequency synthesizer (Schomandl ND 1000), which was driven by a 5 MHz rubidium frequency standard. Higher frequencies were obtained by using passive multipliers (RPG, ×6 and ×9). The frequency modulation of the output radiation was realized by sine-wave modulating at 6 kHz the reference signal of the wide-band Gunn synchronizer. The signal was detected by a liquid-helium-cooled InSb hot electron bolometer (QMC Instr. Ltd. type QFI/2) and then demodulated at 2 f by a lock-in amplifier. The experimental uncertainties of present measurements are between 40 and 80 kHz in most cases, up to 500 kHz for a few disturbed lines. The 15 ND radical was formed in a glow-discharge plasma with the same apparatus employed to produce other unstable and rare species (e.g., ND 2 26 and 15 N 2 H + 27 ). The optimum production was attained in a DC discharge of a mixture of 15 N 2 (5-7 mTorr) and D 2 (1-2 mTorr) in Ar as buffer gas (15 mTorr). Typically, a voltage of 1 kV and a current of 60 mA were employed. The absorption cell was cooled down at ca. −190 • C by liquid-nitrogen circulation. 
Analysis

Effective Hamiltonian
From a spectroscopic point of view, imidogen is a free radical with a X 3 Σ − ground electronic state and exhibits a fine structure due to the dipole-dipole interaction of the two unpaired electron spins and to the magnetic coupling of the molecular rotation with the total electron spin. The couplings of the various angular momenta in NH are described more appropriately by Hund's case (b) scheme
where N represents the pure rotational angular momentum. Each fine-structure level is thus labeled by J, N quantum numbers, where
exists. Inclusion of the nitrogen and hydrogen hyperfine interactions leads to the couplings
For each isotopologue in a given ro-vibronic state, the effective Hamiltonian can be written as
where H rv , H fs and H hfs are the ro-vibrational, fine-and hyperfine-structure Hamiltonians, respectively:
Here, G v is the pure vibrational energy, B v the rotational constant, D v , H v , L v , and M v the centrifugal distortion parameters up to the fifth power in theN 2 expansion, λ v and λ Nv are the electron spin-spin interaction parameter and its centrifugal distortion coefficient; γ v , and γ Nv are the electron spin-rotation constant and its centrifugal distortion coefficient, respectively. The constants b F,v and c v are the isotropic (Fermi contact interaction) and anisotropic parts of the electron spin-nuclear spin coupling, eQq v represents the electric quadrupole interaction and C I,v is the nuclear spin-rotation parameter. In Eq. (6) the index i runs over the different nuclei present in a given isotopologue. The four nuclear spins are: I = 1/2 for H and 15 N and I = 1 for D and 14 N.
Multi-isotopologue Dunham models
In order to treat the data of all the available isotopologues in a global analysis, it is convenient to adopt a Dunham-type expansion 35 . The ro-vibrational energy levels are given by the equation:
The fine-and hyperfine-structure parameters [i.e., λ v , λ Nv , γ v , γ Nv , b F,v , c v , eQq v , and C I,v in Eqs. (5)- (6)], are given by analogous expansions:
where y(v, N) represents the effective value of the parameter y in the ro-vibrational level labeled by (v, N), and Y lm are the coefficients of its Dunham-type expansion * . The spectroscopic constants of Eqs. (4)- (6) 
Each fine-and hyperfine-structure constant is also expressed by suitable expansions. For example, the electron spin-rotation constant and its centrifugal dependence in a given vibrational state v * This (v, N)-factorisation is possible because all the angular momentum operators multiplying the coefficients of Eqs. (5) and (6) can be expressed as:
where γ l0 and γ l1 are the Y lm constants of Eq. 8 relative to the spin-rotation interaction. For a given isotopologue α, a specific set of Dunham constants
lm is defined. Such constants can be described in terms of isotopically invariant parameters using the known reduced mass dependences given by 36, 37 
where
(with X = N, H) are the atomic masses, µ α is the reduced mass of the α isotopologue, and m e is the electron mass. U lm and U y lm are isotopically invariant Dunham constants, whereas ∆ X lm and ∆ y,X lm are unitless coefficients which account for the Born-Oppenheimer Breakdown 37, 38 . In Eq. (11b), p = 0 for y = λ , b F , c, eQq, while p = 1 for y = γ,C I . This extra µ −1 factor in the mass scaling is needed to account for the intrinsic N 2 dependence of the spin-rotation constants 39 . Here, the unknowns are the U lm , U 
X (with X = N, H) are the mass differences produced by the isotopic substitution, with respect to the reference species, and the BOB corrections are described by the new δ X lm and δ y,X lm coefficients. These are related to the dimensionless ∆ X lm of Eqs. 11 through the simple relation
Albeit formally equivalent, this latter parametrisation was introduced to overcome a number of deficiencies of the traditional treatment which were pointed out by Watson 37 and Tiemann 40 , and its features are discussed in great detail in the original paper 25 . An obvious advantage of the alternative mass scaling of Eqs. (12) is that the fitted coefficients are all expressed in
frequency units and are directly linked to the familiar spectroscopic parameters of the reference isotopologue (e.g., Y
(1)
11 ≈ −α e , etc.). Furthermore, the BOB contributions are accounted for using purely addictive terms thus reducing the correlations among the parameters.
Results
15 ND spectrum
For the previously unobserved 15 ND species, we have recorded 34 lines for the ground vibrational state and 9 lines for the v = 1 state. They include the complete fine-structure of the N = 1 ← 0 transition and the strongest fine-components of the N = 2 ← 1 transition for the ground state (see Figure 1) , and the ∆J = 0, +1 components of the N = 1 ← 0 transition for the v = 1 state. The corresponding transition frequencies were fitted to the Hamiltonian of Eqs. (4)- (6) using the SPFIT analysis program 41 . Because of the small number of transitions detected for the v = 1 state, some of the spectroscopic parameters for this state could not be directly determined in the least-squares fit and were constrained to the corresponding ground state values. The two sets of constants for v = 0 and v = 1 states are reported in Table 1 . The list of observed frequencies, along with the residuals from the single-species fit, is given in Table 2 . In addition, the .LIN and .PAR input files for the SPFIT programm are included in the supplementary material †.
Multi-isotopologue Dunham fit
In this work, we carried out a multi-isotopologue Dunham fit of the imidogen radical in its X 3 Σ − ground electronic state using our newly measured transition frequencies for the doubly substituted 15 ND variant plus all the available rotational and ro-vibrational data for the NH, 15 NH and ND species. To take into account the different experimental precision, each datum was given a weight inversely proportional to the square of its estimated measurement error, w = 1/σ 2 . The σ values adopted for the present measurements have been discussed in § 2 , while for literature data, we retained the values provided in each original work.
The content of the data set and the relevant bibliographic references are summarised in Table 3 . In total, the data set contains 1563 ro-vibrational transitions which correspond to 1201 distinct frequencies. These data were fitted to the multi-isotopologue model described in § § 3.1-3.2, using both traditional [Eqs. (11) The analysis was performed using a custom PYTHON code which uses the SPFIT program 41 as computational core. Briefly, the scripting routine reads the atomic masses, the spin multiplicities, and the Y lm constants for the reference species. Then, the SPFIT parameter file (.PAR) is set up by defining several sets of spectroscopic constants (one for each isotopologue/vibrational state), taking into account the mass scaling factors. The SPFIT lines file (.LIN) is created by colletting the experimental data. In this process, half integer quantum numbers are rounded up and a "quantum number state" is assigned to each isotopologue in a given vibrational state, in conformity with the SPFIT format. At Table 1 .
the end of the least-squares optimisation, the SPFIT output is post-processed, and the final parameters list is reformatted in the same fashion of the initial input data set. The atomic masses used were taken from the Wang et al. 42 compilation. The optimised parameters are reported in Tables 4 and 5 , while the complete list of all the fitted data, together with the residuals from the multiisotopologue analysis, is provided as supplementary material (the .LIN and .PAR files are also provided) †.
Discussion
Spectroscopic parameters
From the multi-isotopologue analysis we obtained a highly satisfactory fit. Its quality can be evaluated in several ways. First of all, we were able to reproduce the input data within their estimated uncertainties: the overall standard deviation of the weighted fit is σ = 0.89, and the root-mean-square deviations of the residuals computed separately for the rotational and ro-vibrational data are of the same order of magnitude of the corresponding measurements error, RMS ROT = 0.107 MHz and RMS VIBROT = 3.4× 10 −3 cm −1 , respectively. Then, the various sets of Y lm for a given m constitute a series whose coefficients decrease in magnitude for increasing values of the index l, as expected for a rapidly converging Dunham-type expansion. In general, most of the determined coefficients have a relative error lower than 5%. Higher errors are observed only for those constants with high l-index and this is due to the smaller number of transitions available for highly vibrationally excited states. Finally, the Kratzer 43 
we obtained for Y 02 a value of 51.54051 MHz which compares well with the fitted one of 51.44722(91) MHz.
Equilibrium bond distance
The precision yielded by the high-resolution spectroscopic technique led to a very accurate determination of the equilibrium bond length r e for the imidogen radical. The rotational measurements of a diatomic molecule in its ground vibrational state (v = 0) allow the determination of precise value of r 0 , which includes the zero point vibrational contributions and differs from r e . This latter is determinable from the rotational spectrum in at least one vibrationally excited state. In the present analysis, data of four isotopic species in several vibrational excited states have been combined, allowing for a very precise determination of r e for each isotopologue α. The equilibrium bond distance is given by:
where N a h is the molar Planck constant. Actually, the values of B 01 obtained from the Dunham-type analysis. This discrepancy should be ascribed to a small contribution, expressed by 45 :
with
and
From Eq. (15), it is evident that the bond length r e assumes different values for each isotopologue. On the contrary, by substituting the product B (α) e µ a with U 01 , one obtains an isotopically independent equilibrium bond length r BO e . In the present case, r BO e takes the value of 103.606721(13) pm. In Table 6 , this result is compared with the equilibrium bond distances calculated from the B e of each isotopologue NH, 15 NH, ND, and 15 ND. In this case, B e was obtained by correcting the corresponding Y 01 constant according to Eqs.. (16)- (18) . It should be noticed that the values differ at sub-picometre level but these differences, even if small, are detectable thanks to the high-precision of rotational measurements.
The experimental value derived for r BO e has been compared with a theoretically best estimate obtained following the prescriptions of Refs. 46,47. A composite calculation have been carried out considering basis-set extrapolation, core-correlation effects, and inclusion of higher-order corrections due to the use of the full coupled-cluster singles and doubles, augmented by a perturbative treatment of triple excitation [CCSD(T)] model fc-CCSD(T)/cc-pV∞Z + ∆core/cc-pCV5Z + ∆T/cc-pVTZ .
The computation have been performed using CFOUR 48 . From this theoretical procedure we obtained r theor e = 103.5915 pm (see also Table 6 ), which is in very good agreement with the experimentally derived value, the discrepancy being 15 fm.
Born-Oppenheimer Breakdown
The BOB coefficients ∆ X lm determined in the present analysis account for the small inaccuracies of the Born-Oppenheimer approximation in describing the ro-vibrational energies of the imidogen radical. For the rotational constant (≈ Y 01 ), it is possible to identify three different contributions to the corresponding BOB parameter 49
namely an adiabatic contribution, a non-adiabatic term, and a Dunham correction, respectively. The last two terms on the right side of Eq. on the mixing of the electronic ground state with nearby electronic excited states, and can be estimated from the molecular electric dipole moment µ and the rotational g J factors 38 . The adiabatic term can be simply computed as the difference between the experimental ∆ X 01 and the terms ∆ X
01
Dunh and ∆ X 01 nad .
Tiemann et al. 40 found that the adiabatic term ∆ X 01 ad basically depends on the corresponding X atom rather than on the particular molecular species. Hence, it is interesting to derive this contribution in order to compare the results obtained for different molecules and to verify the reliability of the empirical fitting procedure.
All the contributions of Eq. (19) are collected in Table 7 . The non-adiabatic contribution has been computed using the literature value of the dipole moment 50 µ = 1.389 D and the ground state g J value estimated from a laser magnetic resonance study 51 , g J = 0.001524.
From the adiabatic contribution to the Born-Oppenheimer Breakdown coefficients for the rotational constants, ∆ X 01 ad , one may derive the corresponding correction to the equilibrium bond distance, a quantity which can also be accessed by ab initio computations. From our Eq. (11a) and Eq. (6) 
The adiabatic correction to the equilibrium bond distance, ∆R ad , can be theoretically estimated through the computation of the adiabatic bond distance, i.e., the minimum of the potential given by the sum of the Born-Oppenheimer potential augmented by the diagonal Born-Oppenheimer corrections (DBOC) 52 . The difference between the equilibrium bond distances calculated with and without DBOC, with tight convergence limits, performed at the CCSD/cc-pCVnZ level (n = 3, 4, 5), yielded ∆R ad = 0.026 pm. This value is in very good agreement with the purely experimental one obtained by Eq. (20) which results 0.020 pm, thus providing a confirmation for the validity of our data treatment.
Zero-point Energy
The results of our analysis make possible to estimate the zeropoint energy (ZPE) for each isotopologue from the Dunham's constants Y lm with m = 0, namely:
As we determined anharmonicity constants up to the sixth order, the ZPE is derived with a negligible truncation bias 53 from the expression:
The 
The value for the main isotopologue NH is 1.9987(12) cm −1 . The values obtained for the ZPE of the four isotopologues are collected in Table 8 . For comparison, the values of literature are also reported. Our results agree well with those reported in the literature 53 , but our precision is more than one order of magnitude higher. The errors on our ZPE values are ca. 1 ×10 −3 cm −1 and were calculated taking into account the error propagation
where σ 2 f is the variance in the function f (i.e., Eq. (22) in the present case) of the set of parameters Y l0 , whose variancecovariance matrix is V , with the i th element in the vector g being ∂ f ∂Y i .
Discrepancies of ∼ 2 cm −1 are observed by comparing our data with those reported in Ref. 54 because their definition of the ZPE does not include the term Y 00 , which is non-negligible for light molecules 53 . These newly determined values should be used in the calculation of the exoergicity values ∆E of chemical reactions relevant in fractionation processes.
Conclusions
In this work the pure rotational spectrum of 15 ND in its ground electronic X 3 Σ − state has been recorded for the first time using a frequency-modulation submillimeter-wave spectrometer. A global fit, including all previously reported rotational and ro-vibrational data for the other isotopologues of the imidogen radical, has been performed and yielded a comprehensive set of Dunham coefficients. Moreover, the Born-Oppenheimer Breakdown constants have been determined for 13 parameters and also the adiabatic contribution of the terms ∆ N 01 and ∆ H 01 were evaluated and compared to theoretical estimates. The present analysis enables to predict rotational and ro-vibrational spectra of any isotopic variant of NH at a high level of accuracy and to assist further astronomical searches of imidogen. From our results, very accurate values of the equilibrium bond distances r e and the vibrational Zero-Point Energies for the different isotopologues have been derived. Notes. The Dunham constants Y lm are referred to the most abundant NH isotopologue. The BOB coefficients ∆ X lm are adimensional. Number in parentheses are the 1σ statistical errors in units of the last quoted digit. 
